R plasmids R40a, Rip69, R447b, R769 belonging to incompatibility groups A-C, M, N, V, respectively, were investigated for chromosomal mobilizing ability in Proteus mirabilis. Plasmids R40a, Rip69 and R447b mediated polarized transfer of markers in a clockwise direction from origins near tyr-1, metF and ser-2, respectively, on the linkage map. The recovery frequency per donor cell of proximal markers approached 1 x lo-* for these three plasmids and the efficiency of chromosomal transfer was higher than that of the previously studied plasmid D. The plasmid-guided chromosomal trajectories overlap and it was possible to complement results obtained with plasmid D to assemble a time-of-entry chromosomal map and directly establish the circularity of the linkage group. The map comprises a length of 93 min in terms of transfer time. Plasmid R769 had a different pattern of chromosome transfer. This plasmid produced recombinants for all markers at frequencies of about 4 x per donor. It effected multiple and more or less simultaneous entry of markers and produced recombination over lengths of chromosome rarely corresponding to more than 10 min on the linkage map.
I N T R O D U C T I O N
During a conjugation event R plasmids may mobilize the bacterial chromosome from one particular site. This results in a decreasing frequency of marker recovery distal to the site. Such a polarized transfer of markers has been recorded for Escherichia coli (Pearce & Meynell, 1968; Moody & Runge, 1972; HedCn & Rutberg, 1976) , Salmonella typhimurium ( H e d h & Meynell, 1976) , Klebsiellapneumoniae (Dixon et al., 1975) , Pseudomonas aeruginosa (Stanisich & Holloway, 1971 ; Watson & Holloway, 1978) , Acinetobacter calcoaceticus (Towner & Vivian, 1976a, b) and for chromosome mobilization of P. mirabilis by a hybrid R plasmid (Coetzee, 1975 (Coetzee, , 1978 .
Mobilization by R plasmids may also proceed (more or less simultaneously) from a number of chromosomal sites during conjugation. The polarized transfer of one particular event is then scrambled in the population as a whole with the result that the frequency of transfer of chromosomal markers may be similar. This has been recorded for E. coli (Sugino & Hirota, 1962; Cooke & Meynell, 1969) , Pseudomonas aeruginosa (Haas & Holloway, 1976) , Rhizobium leguminosarurn (Beringer & Hopwood, 1976) , R. meliloti (Meade & Signer, 1977; Kondorosi et al., 1977) and P. mirabilis (Coetzee, 1978b (Coetzee, , 1979 . A similar pattern of chromosome mobilization in E. coli and S. typhimurium is produced by colicin I plasmids (Ozeki et al., 1961) . This paper reports on the way in which four newly investigated R plasmids mobilize the P. mirabilis strain PM5006 chromosome. Coetzee (1975 Coetzee ( , 1978 a) Coetzee (1975 Coetzee ( , 19783, 1979 Coetzee (1978a) Coetzee (19783) Coetzee (1978a ) Coetzee (1978 3) Coetzee (1978a , 1979 Coetzee (1975 , 1979 ) Coetzee (1979 , and unpublished Coetzee (1979 et al. (1973 et al. ( ) Hedges (1975 ( 1 972) * The mutant strain was transduced (Coetzee et al., 1973) with phage 5006M propagated on the other mutant as well as on wild-type PM5006. Failure to produce prototrophic transductants at normal frequencies with phage reared on the mutant was taken as evidence for presumed allelism.
t N-Methyl-N'-nitro-N-nitrosoguanidine-induced mutations (unpublished) in strains previously used (Coetzee, 1979). 3 Symbols designate resistance to : A, ampicillin; C, chloramphenicol; K, kanamycin; P M X , polymixin; S , streptomycin; Su, sulphonamide ; T, tetracycline. 50 pg ml-l) were added to media when necessary. Streptomycin was also used at 1 mg ml-l and rifampicin was used at 200 pg ml-l.
Plate matings. These were done by the method of Coetzee (1978a) . Briefly, mating mixtures were constituted on non-selective minimal medium (i.e. supplemented with the growth requirements of the recipient and donor) and incubated at 30 "C overnight before harvesting in saline. Control experiments lacked either donor or recipient. After washing, suitable dilutions were plated on selective media and incubated at the same temperature for 48 h.
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Interrupted mating. This was done according to the solid medium nalidixic acid technique of Haas & Holloway (1976) , as previously used (Coetzee, 1978 a) .
Unselected marker analysis and recombinant stability. This was done according to the method of Coetzee (1978a) .
Presence of R plasmids in recombinants. For plasmids R40a, Rip69 and R447b, this was tested by replication of patched recombinant colonies on the isolation minimal medium to the same medium containing ampicillin and kanamycin; the presence of R769 was tested by replication to plates containing kanamycin and also streptomycin where appropriate. Ability to transfer kanamycin resistance to UP500 was tested by the plate mating technique mentioned above, using rifampicin for donor counterselection on MacConkey agar also containing kanamycin.
Construction of P. mirabilis UP strains containing plasmids. The plate mating technique mentioned above was used. For transfer of plasmids from strains of E. coli, the donor was counterselected with poiymixin or tetracycline where appropriate. Transfer of plasmids from wild-type Proteus strains to UP strains was achieved by first mating with 553-2, using rifampicin to counterselect the donor, and then with the UP strain as above. During plasmid transfer from UP strains to PM5006, the donor was counterselected by plating on minimal medium.
RESULTS
Transfer of plasmids from UP strains to PM5006 UP1 11 1 strains each harbouring one of the four plasmids were mated individually with PM5006 using the technique described in Methods. Transfer frequencies per donor cell for R40a, Rip69, R447b and R769 were 8 x 4 x 4 x and 4 x respectively. The frequencies for plasmids R40a and R447b are about fourfold higher than those recorded for similar matings in broth (Datta & Hedges, 1972; Coetzee, 1974) . Meade & Signer (1977) found a thousandfold difference in the frequency of transfer of plasmid RP4 between strains of R. meliloti in broth and on agar.
Inheritance of chromosomal markers Transfer. Plasmid R769 produced similar recombinant recovery frequencies (about 4 x per donor cell) for markers distributed over the entire chromosome (Table 2 ). This suggested that there was no orientated gene transfer but that the plasmid directed chromosomal transfer from a number of different sites. All of many recombinants tested were resistant to kanamycin and, when acquisition of streptomycin resistance could be tested, these recombinants were also resistant to it. All those tested could also transmit kanamycin resistance to UP500 (not shown). Recovery frequencies of recombinants produced under promotion of each of the other three plasmids varied greatly for the different selected loci (Table 2 ). This suggested that polarity of marker entry could be occurring with clockwise mobilization of the chromosome from origins near his-1, metFand tyr-l (Fig. 2) by plasmids R447b, Rip69 and R40a, respectively. All progeny were stable and behaved like haploid recombinants (Meade & Signer, 1977) . All of hundreds of recombinants tested were resistant to ampicillin and kanamycin. Many of them were tested for ability to transfer kanamycin resistance to UP500 ; all possessed this property (not shown).
per donor for certain chromosome markers (Table 2 ) made interrupted mating experiments feasible. As predicted from the results for marker transfer (Table 2) , interrupted mating experiments using plasmid R769 in strain UP77 as chromosomal donor with UP177 as recipient showed that all markers tested (cysA+, g1'-17+, argAf, pyrB+, his-1+) registered in the recipient between 4 and 7 min after mating commenced (not shown). Similar mating experiments with the other three plasmids revealed that markers entered recipients sequentially from different origins in a definite temporal order (Fig. 1) . The order corresponded exactly to that previously derived from linkage studies (Coetzee, 1979) . When overlaps occurred, the time intervals between entry of some markers promoted by the different plasmids (ser-6-his-1, Figs 1 b, 2; Recombination frequency * < 7 x 8 x 10-5 < 7 x 5 x 10-6 < 5 x 10-9 < 5 x 10-9 1 x 10-8 9 x 10-6 9 x 10-7 < 5 x 10-9 1 x 10-5 2 x 10-6 1 x 10-8 1 x lo-" 2 x 10-6 1 x 10-8 3 x 10-6 9 x 10-6
< 5 x 2~ 10-5
< 7 x 8 x 10-7 < 5 x 10-9
< 5 x 10-9
< 5 x 10-9 6 x 4 x 10-6 2 x 10-6 Cross UP19 x UP477(R40a) UP19 x UP477(R447b) UP19 x UP477(Rip69) UP19 x UP477(R769)
UP49x UPllll(R40a) UP49 x UP1 11 l(R477b) UP49 x UP1 11 l(Rip69) UP49 x UP1 11 l(R769) * Recovery of recombinants per donor cell in mating mixture. Table 3 . Segregation of unselected markers in crosses with plasmid R769 as donor Plate matings were done as described in Methods. Selective minimal medium was supplemented with the growth requirements for unselected recipient markers. The crosses were UP44442 x UP4(R769) and UP5023 x UP3(R769).
Co-inheritance of unselected chromosomal markers (%)* Mating was interrupted at intervals by spreading plates of the mating mixture (on selective minimal medium for the marker concerned) with a nalidixic acid solution to mix the bacterial growth thoroughly. Plates were then dried and incubated for 72 h. Media were supplemented with the growth requirements of the unselected markers. To detect plasmid transfer, the media contained kanamycin (Kan) in addition to all the growth requirements of the particular recipient strain. Results are those of duplicate experiments. b, 1979) . The gradients of entry of late markers are considerably reduced relative to those of early markers in all three experiments (especially that in Fig. 1 a, see Discussion) and no attempt was made to select for more distal markers. The entry curves for kanamycin resistance (Fig. 1) show that, with all three plasmids, conjugation begins within 2 min after mixing of parent cultures as a measure of plasmid transfer. Segregation of unselected markers. Knowledge of the time intervals between entry of sets of proximal markers gained from the above experiments enabled an estimate (see Coetzee, 1978 a, b) of the extent over which plasmid R769-mediated chromosome recombination took place. In crosses UP44442 x UP4(R769) and UP5023 x UP3(R769), sets of linkage data were obtained ( Table 3) . The results are consistent with there being only one chromosomal transfer event per recombinant and with the marker order derived from the interrupted As before (Coetzee, 1979) , the transfer origin of plasmid D is designated as 0 min. The time interval between locus argE and the origin of plasmid D is calculated as the difference in the interval between plasmid R447b-mediated entry of markers argE3 and his-I (Fig. 1 b) and the time of entry of his-l under promotion of plasmid D (Coetzee, 19783, 1979) . The plasmid D trajectory remains intact apart from the ilv-2 marker which is now spaced 2 rnin clockwise from ade-2. The cysG locus is situated very near ilv-2 but the time-of-entry relationship to the latter marker has not been investigated. The time interval between loci thr-Z and nalA is not known and the interval between the thr-I and metF is approximate. Arrowheads indicate the approximate origin and direction of chromosome transfer by the plasmids.
mating experiments. It is evident that recombinants seldom inherit a length of donor chromosome corresponding to longer than 10 min on the transfer map (Fig. 2) .
Revised circular linkage group It was now possible to use the interrupted mating results obtained above and previously (Coetzee, 1975 (Coetzee, , 1978a to assemble a marker time of entry map comprising a total length of 93 min in terms of transfer time (Fig. 2) . The derivation of this map is based on the assumption that the rates of chromosomal mobilization by plasmid D (Coetzee, 1975, 1978 a) and the three plasmids studied here are similar. Watson & Holloway (1978) have made similar assumptions about the rates at which different plasmids mobilize the Pseudomonas aeruginosa chromosome.
DISCUSSION
Apart from plasmid D (Coetzee, 1978b) , which is a fusion product of plasmids P-lac and Rldrdl9 belonging to incompatibility groups A-C (Hedges, 1975) and FII (Meynell & Datta, 1966 , 1967 Meynell & Cooke, 1969; Hedges & Datta, 1972) , respectively, six other plasmids have now proved capable of mobilizing the P. mirabilis chromosome. These are R772, a P-1 group plasmid (Coetzee, 1978b, and unpublished) , plasmid R394 belonging to the T incompatibility group (Coetzee, 1979) and the four plasmids described here, representing three other incompatibility groups. The pattern of chromosome mobilization of plasmids R394, R769 and R772 suggests that recombinants are produced in approximately equal numbers for markers situated in several different regions of the chromosome, whereas the remaining plasmids preferentially mobilize given regions of the chromosome producing P. mirabilis chromosome mobilization 249 polarized transfer of chromosomal markers. While many plasmids of various groups can transfer the E. coli chromosome (see, for instance, Moody & Hayes, 1972; HedCn & Rutberg, 1976; Hedkn & Meynell, 1976) , this is a generous spread in comparison with organisms like A . calcoaceticus (Towner & Vivian, 1977) and Rhizobium spp. (Beringer & Hopwood, 1976; Kondorosi et al., 1977; Meade & Signer, 1977; Beringer et al., 1978) where only certain P-1 incompatibility group plasmids have been reported to be capable of transferring the chromosome. In Pseudomonas spp., only group P-1 and P-2 plasmids (Shahrabadi et al., 1975) have been reported to be capable of chromosome mobilization (Haas & Holloway, 1976; Lacy & Leary, 1976) . However, failure to transmit plasmids of many incompatibility groups to Pseudomonas spp. or A . calcoaceticus has prevented their study (Shahrabadi et al., 1975; Jacoby, 1974; Towner & Vivian, 1977) in these organisms.
Plasmid D transfers between strains of Proteus at frequencies approaching 10-1 per donor (Coetzee, 1974) and mobilizes the proximal chromosomal marker (his-1) at a frequency of 2 x under optimal conditions (Coetzee, 1978a). The latter figure divided by the former yields a ratio of 2 x which may be taken as a measure of the efficiency of chromosome transfer. The chromosome mobilizing efficiencies of R plasmids calculated from transfer data presented in the literature reveal that many have efficiencies similar to the calculated value for plasmid D. These include R68.45 in R. meliloti (Kondorosi et al., 1977) for all of them. The remarkably high efficiencies registered by these three plasmids for proximal marker transfer raise the question of the role that Hfr-like or F'-like (R') donors could play in this chromosome mobilization. The former possibility is unlikely as all recombinants had received a functional R plasmid (see Pearce & Meynell, 1968; Beringer et al., 1978) , while a decision has not been reached about the latter. Certainly the objection raised against the role that Hfr-like donors might play does not apply to R-primes (Pearce & Meynell, 1968; Dixon et al., 1975; Johnston et al., 1978) . Also the fact that the efficiency of chromosome marker mobilization does not approach unity (Johnston et al., 1978; Holloway, 1978) is not necessarily inconsistent with such a role. This is because efficiency varies with the combination of chromosome and R-prime involved and also R-primes may only represent a portion of the donor population. However, the donor properties of recombinants have not been studied (see Johnston et al., 1978; Holloway, 1978) .
Plasmid R769 appears to mobilize slightly shorter portions of the P. mirabilis chromosome than plasmid R772 (Coetzee, 1978 b) and much shorter than the lengths mobilized by plasmid R394 (Coetzee, 1979) .
With the aid of plasmids R40a, Rip69 and R447b, which mobilize the P. mirabilis chromosome from three distinct origins in a clockwise direction, it has now been possible to complement the plasmid D-promoted gradient of transfer of the chromosome (anticlockwise) to prove chromosome circularity directly (Fig. 2) . Previously (Coetzee, 1979) this had been done indirectly by means of linkage data. Uncertainty exists regarding intervals of time in the nalA region. This is due to the low recovery frequencies of donor markers encountered in this area (Fig. la) . The latter could have resulted from the presumed dominance of the wild-type allele which would render merozygotes sensitive to the nalidixic acid used to inhibit chromosome transfer. Dominance has been proved for the wild-type E. coli gene (Hane & Wood, 1969) and the same apparently applies to nal+ loci in Pseudomonas aeruginosa (Watson & Holloway, 1978) . Physical disruption of the mating process in liquid medium is not feasible as transfer frequencies of chromosome markers under these condi-
